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INTRODUCTION CONCLUSIONS 

The quality ‘of feed water delivered to a 
membrane-type desalting plant largely deter- 
mines membrane performance and longevity. 
Feed water quality can be monitored by a 
method called the PF (plugging factor) which is 
an indication of the quantity of particulate matter 
present in the water flowing to the desalting 
membranes. In the early 1970’s, a manual PF 
test was developed for the Government by 
Millipore’ and du Pant.? Since then, this test has 
been generally accepted throughout the 
desalting industry as a criterion for determining 
the fouling tendency of membrane feed water. In 
an operating plant, or in a large test facility, such 
as the YDTF (Yuma Desalting Test Facility), 
Yuma, Arizona, or in the Department of the In- 
terior, OWRT (Office of Water Research and 
Technology) test facilities, each manual deter- 
mination of PF requires a considerable amount of 
operator time. To reduce this workload, OWRT 
contracted with private industry to develop an 
automatic CPFM (continuous plugging factor 
monitor). While the feasibility of automatic plug- 
ging factor measurement was determined with 
these units, they lacked the needed reliability, 
repeatability, and accuracy. 

In February 1979 a research project was im- 
plemented at the Bureau of Reclamation, 
Engineering and Research Center, Denver, Col- 
orado to design and fabricate a totally 
automated PFM (plugging factor monitor) with 
the required reliability, repeatability, and ac- 
curacy. This new prototype was to include an 
electronic controller unit, a mechanical water 
sample selector unit, and a mechanical test unit. 
The operation of the prototype PFM was 
evaluated during 1980 at the YDTF. As a result, 
several additional electronic and mechanical im- 
provements were made. The two mechanical 
units are described in this repoit; however, the 
electronic controller unit is described in another 
report t11.3 

A reliable automatic device for accurately 
monitoring the PF has now been designed, built, 
and tested. The unit is totally automatic and 
does not require an operator during the testing 
cycles. Very accurate PF records can be obtain- 
ed every 20 minutes, 24 hours per day. This 
PFM unit is recommended for use at the YDTF, 
the future YDP (Yuma Desalting Plant), and for 
other Government or commercial membrane- 
type desalting facilities. Design specifications 
for the SPSBP (sample point selector booster 
pump) mechanical unit, the PFM-T (tester) 
mechanical unit, and the PFM-EC (electronic 
controller) console have been prepared by the 
Government and are available to all Government 
agencies or private industry. 

DISCUSSION 

The PF (plugging factor) is defined as follows. It 
is a measure of the rate at which the pores in a 
Millipore 0.45pm pore diameter, cellulose- 
acetate filter, become plugged with particulate 
matter while water is being filtered through it at 
a constant pressure (207 kPa). In this PF test, 
the time is recorded for a 500 mL of water sam- 
ple to flow through a 1320 mm2 filter area mem- 
brane filter. This time is called (t,)*. Sample 
water is allowed to flow through the filter for 15 
minutes, and then a second 500 mL is collected, 
and the time, called (f21, is again recorded. Since 
the filtrate volume is fixed during the first and se- 
cond flow rate measurements, only the times tl 
and f2 required to collect the first and second 
volumes, need to be known to calculate the PF.O 

The percent PF is calculated as follows: 

x 100 

’ Millipore Corporation, Wiggins Avenue, Bedford, MA 
01730 

‘E.I. du Pont de Nemours & Company, Inc., Glasgow Site, 
Wilmington, DE 19898 

‘Numbers in brackets refer to entries in the bibliography. 

‘All time is recorded to an accuracy of one-tenth of one se- 
cond. 

‘A theoretical discussion of the parameters contributing to 
the PF is given in appendix A. 
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Figure 1 .-Schematic diagram of the YDTF manual plugging factor apparatus. 

The YDTF Manual Plugging Factor Apparatus 

A manually-operated@ PF tester (fig. 1) that 
samples flow from various places in the pretreat- 
ment process was developed at YDTF. The sam- 
ple for this test is pumped directly from the pro- 
cess stream through the 0.45 )cm pore diameter 
filter, minimizing the time required to prepare the 
equipment for each test. The procedure still re- 
quires that fl and h be determined by timing the 

OOperating instructions for the YDTF apparatus are attached 
as appendix B. 

collection of a 500-mL water sample through a 
1320 mm2 filter area, into a graduated cylinder, 
and that the PF be calculated manually. This pro- 
cedure requires considerable attention and skill 
because the operator must obtain exactly 500 
mL of filtrate and must record the exact times. 

Continuous Plugging Factor Monitor 

The OWRT contracted with private industry 
(du Pant) to develop an automatic CPFM. Two of 
the monitors (fig. 2) were designed and built 
under the contract for the Bureau. The units 
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were designed to filter 131 mL through a 345 
mm2 filter area of 0.45 pm pore diameter mem- 
brane. The performance of each monitor was 
evaluated 121 for 4 months at YDTF where they 
were-found to. have a number of limitations: 

l The precision was poor, particularly when 
the PF’s were lower than 50 percent. 
There was considerable scatter (fig. 3) 
when data obtained from the YDTF manual 
plugging factor apparatus were compared 
with those obtained with the CPFM system. 
An error analysis indicated systematic and 
random measurement errors in both the 
monitor and the manual method. 

l The filter tape broke frequently, resulting in 
poor reliability of the system. 

l No automatic calculation or recording of 
the PF results was provided, nor did the 
monitor have process control or computer 
interfacing capability. 

It was obvious that the manual methods of 
measuring the PF were labor intensive and that 
accuracies depended greatly on the skill of the 
operator. It was also apparent that these first 
automated units which were manuf,actured for 
the Government lacked reliability and accuracy, 
and still required the operator to manually 
calculate the PF. 

Automatic PFM WSBR Design) 

The Resident Engineer (YDTF) requested that an 
instrument be developed at the Bureau, 
Engineering and Research Center, Denver, Col- 
orado that would automatically and accurately 
determine PF’s sequentially for up to six dif- 
ferent pretreatment process water samples. A 
PFM was developed and constructed, as re- 
quested, which included the PFM-EC (PFM- 
electronic controller) console, the SPSBP (sam- 
ple point selector booster pump) and the PFM-T 
(PFM-tester). 

The PFM-EC. - The electronic controller con- 
sole (fig. 4) designed, fabricated, and evaluated 
by the Bureau, is described [l 1 elsewhere. 

The PFM-EC has the following capabilities: 

1. Automatic control of sequential operations 
are provided for the six-position SPSBP and 
the PFM-T unit. 
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2. The functional problem audible alarm 
operates with each indicator light for five 
separate malfunction indications. Each must 
be manually reset by pressing the alarm reset 
button. For all alarms except filter membrane 
paper breakage, the unit will proceed to the 
next sample stream and continue to operate. 

l PLUG FACTORS ALARM This indicates 
that the PF is higher than the preset limit, as 
adjusted by the preset PLUG FACTOR 
ALARM LIMIT (%I control on panel. 

TI ALARM The time tl has exceeded the 
preset limit as adjusted by the TIME T, 
ALARM LIMIT (SECONDS) control. 

T2 ALARM The time t2 has exceeded the 
preset limit as adjusted by the TIME T2 
ALARM LIMIT (SECONDS) control. 

FILTER PAPER ALARM The paper supply 
reel has stopped due to filter paper 
breakage or other paper feed malfunction. 

PRESSURE ALARM An unusually long 
time has occurred from start of sample flow 
until the measuring collector tank elevation 
touches the bottom electrode, which would 
indicate a water pressure problem. This is 
adjusted by the CYCLE TIME (MINUTES) 
control. 

3. One, all, or any combintaion of six water 
sampling locations may be manually 
selected, and placed on active or inactive 
sampling mode. 

4. The PF is calculated automatically and 
presented on the digital display for any or all 
of the six activated water sampling locations. 
Each display is maintained until the unit 
cycles through all of the other selected posi- 
tions and completes another test on that 
position. 

5. A digital display clock shows the current 
time with a display of the Julian day, hour, 
and minute. 

6. Cycle length of time set point may be 
changed to some time other than the normal 
15-minute test time. It is convenient, when 
bench-testing the unit, to reduce or eliminate 
the 15-minute flow portion of the test. 
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Figure 2. - Schematic diagram of the private industry constructed continuous plugging factor monitor. 
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Figure 3. - Scatter diagram of plugging factors for YDTF manual plugging factor 
apparatus versus the CPFM equipment. 
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Figure 4. - The PFM-EC electronic controller console. Photo P801-D-78702 

7. The unit can produce a tape printout of 
the date, time, location sampled, h, TV, PF, 
and alarms triggered, for each flow sampled. 

8. A 4 to 20 mA current interface is provided 
for external monitoring of the six test stream 
locations. 

The SPSBP. - The sample point selector 
booster pump unit (figs, 5,8) is controlled by the 
PFM-EC as follows: 

l The unit may be connected to as many as 
six water sample sources where it is desired 
to run a PF test. 

l When a three-way diverter valve is not ac- 
tivated, the sample water continually flows 
to the drain. Each valve is compressed-air 

operated, which in turn is controlled by an 
electrically activated three-way solenoid air 
valve. 

When a three-way diverter valve is ac- 
tivated, water is diverted and fed into the 
water manifold and into the centrifugal 
pump. 

The water to be sampled flows into the two- 
stage centrifugal pump which increases the 
pressure from a plant source pressure to 
PFM-T unit pressure which is 207 kPa. 

The PFM-T. - The plugging factor monitor 
tester (figs. 7, 8) is operated as follows: 

1. The water sample flows into the tester at 
207 kPa pressure from the SPSBP unit. 

5 
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Figure 5. - Schematic diagram of the sample point selector booster pump. 
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Figure 6. -The sample point selector booster pump unit. Photos PSO1-D-79703 and PSO1-D-79704
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Figure 7. - Schematic diagram of the plugging factor monitor tester. 

2. Sample water pressure is held constant 4. At the beginning of each test, the paper 
by the air-pressure-controlled back pressure drive motor is energized to advance the 0.45 
diverter which relieves overpressure by Pm membrane filter about 40 mm through 
diverting part of the water flow to the drain. the open filter heads. 

3. When the main flow three-way solenoid 
valve is deenergized, all of the flow is 
diverted to the drain, and the tester is in 
“test-off” condition. 

5. The electric-and-air operated piston is 
energized to compress the filter paper bet- 
ween the filter holder head and base. 

a 



Figure 8. -The plugging factor monitor tester. Photos P801-D-79705 and P801-D-79706
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6. When the three-way solenoid valve is 
energized (“test-on” condition) the flow to 
the drain is shut off and all flow is through 
the back pressure diverter to the filter holder 
head. 

7. Sample water flows through the filter 
paper and enters the measuring collector 
tank and flows to the drain through the nor- 
mally open test drain solenoid control valve. 

6. The test starts when the test drain 
solenoid control valve is energized, which 
closes the drain, and allows the tank to start 
filling. 

9. Time starts when the liquid level reaches 
the start electrode and stops when it reaches 
the stop electrode and the solenoid drain 
valve is deenergized to open. The upper and 
lower electrodes are preset for measuring 
131 mL of water. The first such measurement 
is labeled( 

10. With the valve opened, the tank is 
drained and the sample stream of water is 
allowed to flow for 15 minutes into the drain. 

11. After 15 minutes the solenoid drain 
valve is again closed, and again volumetric 
measurements are recorded to determine 
(&I. The valve is then deenergized and the 
test is over. 
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A THEORETICAL DISCUSSION OF 
THE PLUGGING FAC’l’OR AS A 
MEASUREMENT OF RO FEED 

WATER QUALITY 

The plugging factor test is a measurement of the 
percent decrease of flow rate through a 0.45 p 
filter membrane with a constant pressure dif- 
ferential of 207 kPa (gage) after 15 minutes. It is 
theorized that the decreased flow is due entirely 
to particles plugging some of the pores in the 
filter membrane. If so, the resulting percentage 
of flow reduction is related to the percent of 
plugged pores. If the total number of pores in a 
new filter pad and the total volume of flow dur- 
ing the test are known, the number of plugging 
particles per unit volume can be calculated. 

It is assumed that the plugging particles consist 
of only a small segment of the size range of all 
the particles in water. Particles smaller than 
0.45 pm would pass through. the filter pad; 
larger particles would be held at the surface of 
the filter pad, allowing water to flow around 
them, and thus would have little effect on the 
flow rate through the membrane. We assumed 
that for each plugged pore, one particle within 
this narrow size range had been trapped, and 
was completely plugging the pore. 

Initially an open pore has a constant flow, depen- 
dent upon a constant differential pressure across 
that pore. The flow through a pore is considered 
individually and independent of all the others. 
The total flow is then the sum of the flows 
through the total number of pores. 

Therefore, 

F = nk (1) 

Where F equals the total flow and n equals the 
total number of open pores, at the time tl, and k 
equals the flow rate through each individual 
pore. At any time during the test, the number of 
pores which remain open can be expressed as 

n = no - ab 
(2) 

where no equals the number of open pores initial- 
IY 

8 is the number of particles capable of plug- 
ging pores per unit volume of liquid 

APPENDIX A 

b is the total volume of liquid which has pass- 
ed through the membrane filter since the 
start of the test. 

Therefore, 

F = fn, - 8bjk (3) 

However, from b and F as defined, at any par- 
ticular instant 

db 
dtqF (4) 

And rewritten as a nonhomogeneous first-order 
differential equation, equals: 

$f + abk = n,k (5) 

Solving equation (5) with the boundary condi- 
tion that must be satisfied at t = 0 (also 
b = 01, the number of open pores (noI must be 
maximum, gives: 

b =:+ ce-dtt (6) 

and at t = 0, b = 0, and 

-n 
c=-O 

a (7) 

Substituting equations (6) and (7) into (3) gives 

F = noke-a’k (8) 

Each pore acts as an independent orifice and 
follows Bernoulli’s equation, therefore the flow 
rate (k) equals: 

k=Cm (9) 

where: C = a constant of proportionality, 

AP= the pressure drop (207 kPa) across 
the membrane filter. 

Equation (8) in terms of pressure drop then 
becomes 

F= n,Cme -stC6iT (10) 
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APPENDIX B 

OPERATING INSTRUCTIONS FOR 
THE YDTF MANUAL PLUGGING 

FACTOR APPARATUS 

1. Install a new Millipore filter. 

2. Adjust the pressure regulator to a 
downstream air pressure of 207 kPa. 

3. Start pump. 

4. As soon as the pressure gage indicates 207 
kPa (gage) simultaneously start a stop- 
watch and begin collecting water in a 
500-mL graduated cylinder. 

5. When 500 mL of water collects, stop the 
watch and record the time on the stop- 
watch as tl. Start the 15-minute flow of 
water to the drain. 

6. 

7. 

8. 

9. 

10. 

Continue the flow of water to the drain for 
15 minutes. 

Repeat test, step 4. 

When 500 mL of water has been collected 
the second time, record the time on the 
stopwatch as b. 

Calculate the PF (plugging factor) according 
to the following equation: 

x 100 

After each test, remove the Millipore filter 
and clean the filter holder. 

GPO 337-673 
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A free pamphlet is available from the Bureau of Reclamation en- 
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publications currently available, their cost, and how to order 
them. The pamphlet can be obtained upon request to the Bureau 
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Center, Bldg. 67, Denver, CO 80225, Attn: 922. 


